To determine to what extent intravenous nutrition can reduce proteolysis in very immature and normal newborns, and to assess the capacity of preterm and normal newborns to convert phenylalanine to tyrosine, phenylalanine and leucine kinetics were measured under basal conditions and during parenteral nutrition in clinically stable, extremely premature ( ‫ف‬ 26 wk of gestation) infants and in normal term newborns. In response to parenteral nutrition, there was significantly less suppression ( P Ͻ 0.001) of endogenous leucine and phenylalanine rate of appearance in extremely premature infants compared with term infants. Phenylalanine utilization for protein synthesis during parenteral nutrition increased significantly ( P Ͻ 0.01) and by the same magnitude ( ‫ف‬ 15%) in both extremely premature and term infants. Phenylalanine was converted to tyrosine at substantial rates in both extremely premature and term infants; however, this conversion rate was significantly higher ( P Ͻ 0.05) in extremely premature infants during both the basal and parenteral nutrition periods. These data provide clear evidence that there is no immaturity in the phenylalanine hydroxylation pathway. Furthermore, although parenteral nutrition appears to produce similar increases in protein synthesis in extremely premature and term infants, proteolysis is suppressed much less in extremely premature newborns. The factors responsible for this apparent resistance to suppression of proteolysis in the very immature newborn remain to be elucidated. 
Introduction
Immature individuals are characterized by high rates of protein turnover, with the highest rates occurring in the most immature (1) (2) (3) (4) . These high rates of protein synthesis and proteolysis may be necessary to provide continuous amino acid availability for remodeling and potential growth. To maintain and accrete body protein, nutrient intake must affect increases in protein synthesis, reductions in proteolysis, or both. Reducing proteolysis in response to nutrient intake is an important mechanism whereby whole body protein is maintained in adults (5) (6) (7) (8) . However, it is unclear at present to what extent newborns are able to reduce proteolysis in response to nutrient intake. This is an important issue because the preservation and accretion of whole body protein, although a primary clinical goal, can be difficult to achieve in premature infants.
We have evaluated recently the effect of intravenous glucose infusions on whole body proteolysis in both normal and extremely premature ( ‫ف‬ 26 wk of gestation) infants (4, 9) . In contrast to the suppression of proteolysis observed in adults (5) , glucose infusions (with a concomitant increase in insulin concentrations) affected no changes in whole body proteolysis in either extremely premature or term newborns (4, 9) . Moreover, in term infants, intravenous lipid, alone or in combination with glucose, also did not reduce proteolysis below basal values (9) . We therefore questioned whether a complete parenteral nutrition solution (containing glucose, lipid, and amino acids), delivered in quantities sufficient to support growth, could successfully suppress proteolysis and thereby spare endogenous protein stores in either normal or very immature human newborns. We postulated that proteolysis would be least responsive to nutrient intake in the most immature. To evaluate this hypothesis, we measured the endogenous rates of appearance of the essential amino acids leucine and phenylalanine (reflecting proteolysis) in response to parenteral nutrition in clinically stable, extremely premature ( ‫ف‬ 26 wk of gestation) infants and in normal full term infants within the first few days of life.
In addition to assessing the endogenous release of essential amino acids, examining the utilization of specific amino acids in newborns is also important. In particular, determining rates of phenylalanine hydroxylation to tyrosine in normal and premature newborns is especially relevant. Tyrosine is an essential amino acid if active phenylalanine hydroxylation does not occur; at present, tyrosine is widely considered an essential amino acid in premature infants (10) (11) (12) , although some conflicting data exists (13, 14) . Determining whether or not tyrosine is an essential amino acid in prematurity is more than of academic interest because there is little or no tyrosine in most commercially available amino acid solutions, and thus tyrosine for net protein accretion during parenteral nutrition can only be made available by phenylalanine hydroxylation. We hypothesized that the capacity to convert phenylalanine to tyrosine in the basal state and in response to exogenous phenylalanine supply during intravenous nutrition would be reduced in the very immature. To test this hypothesis, we quantified phenylalanine hydroxylation and tyrosine rate of appearance in extremely premature and normal term newborns under basal conditions and during parenteral nutrition.
Methods

Subjects
Studies were approved by the Institutional Review Board of Indiana University, and written informed consent was obtained from the parents. Study subjects included 8 clinically stable extremely premature infants ( ‫ف‬ 26 wk of gestation) and 10 normal full term newborns. The clinical characteristics of the study subjects are summarized in Table  I . All infants were appropriate for gestational age, had no congenital anomalies, and were studied at Յ 5 d of age. Term infants were clinically normal as determined by physical exam, had uncomplicated postnatal courses (no birth asphyxia, no supplemental oxygen, no antibiotics), and were tolerating enteral feedings well. Infants in the extremely premature (EP) 1 group were stable on low ventilator settings and there were no significant changes in these settings for the 24 h before or after the study. Six of the eight EP infants had previously received a course of surfactant replacement therapy based on clinical and radiographic evidence of respiratory distress syndrome; the remaining two had no evidence of surfactant deficiency. None of the EP subjects had received inotropic support or enteral or parenteral feedings before study. Intravenous glucose was being provided at a rate of 6.67 Ϯ 3.46 mg/kg/min for the 24 h before the study as is typical clinical practice in EP infants. Each EP infant also had an umbilical arterial catheter and venous access in place before the study.
Protocol
Term infants were studied 3-4 h after receiving a normal feeding. A 22-gauge catheter was placed in a superficial vein for the purpose of drawing blood and a baseline blood sample was obtained. A separate catheter was placed in the opposite extremity and a priming dose of tracers (in normal saline), representing 90 min of infusion, was administered over 5 min. Thereafter, constant infusions of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] leucine (7 mol/kg/h), [d 5 ] phenylalanine (2.5 mol/kg/h), and [d 2 ] tyrosine (1.4 mol/kg/h) dissolved in normal saline were delivered through the second venous catheter via an infusion pump (Harvard Apparatus, Inc., South Natick, MA). Blood samples were obtained at 120, 140, 160, and 180 min. At the end of 180 min of study, term newborns had been fasting 6.8 Ϯ 0.6 h. Blood was immediately analyzed for plasma glucose concentration, and the remainder of the sample was then frozen at Ϫ 70 Њ C for later analysis.
After the 180-min sample, an intravenous solution of glucose (8 mg/kg/min), lipid (165 mg/kg/h) (LiposynIII 10%, Abbott Laboratories, North Chicago, IL), and amino acids (105 mg/kg/h) (Aminosyn-PF; Abbott Laboratories) was begun and continued for the remaining 2.5 h of the study. The amino acid solution provided 95 mol/kg/h of leucine, 27 mol/kg/h of phenylalanine, and 2.5 mol/kg/h of tyrosine. If this infusion were to continue over a 24-h period, it would provide 90 kcal/kg, 2.5 grams/kg of protein, 4 grams/kg of lipid, and 11.5 grams/kg of glucose. Blood samples were then obtained at 270, 290, 310, and 330 min, analyzed for plasma glucose, and frozen for later analysis.
The EP infants had umbilical artery catheter fluids changed to normal saline at the beginning of the study and a baseline blood sample was obtained. A priming dose of tracers, also in normal saline and representing 90 min of infusion, was administered over 5 min through the venous catheter. A constant infusion of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] leucine (10 mol/ kg/h), [d 5 ] phenylalanine (4 mol/kg/h), and [d 2 ] tyrosine (2 mol/kg/ h) was then begun and continued throughout the study period. The rate of tracer infusion in EP infants was slightly higher than those used in term infants in order to achieve plasma enrichments in the 1. Abbreviations used in this paper: EP, extremely premature; KIC, ketoisocaproic acid; PN, parenteral nutrition; Ra, rate of appearance. same range for both groups. The tracers were dissolved in unlabeled D 10 W to provide a calculated rate of 6 mg/kg/min glucose. This allowed the total amount of fluid each infant received to remain unchanged from the prestudy rate. Furthermore, this rate of glucose administration maintained constant glucose concentrations, prevented hypoglycemia, and was designed to achieve glucose and insulin concentrations in EP infants similar to those in fasting term newborns. Blood samples were obtained from the EP infants at 120, 135, and 150 min. After the 150 min sample, intravenous nutrition was begun delivering glucose, protein, and lipid at rates identical to the term infants and further blood samples obtained at 270, 285, and 300 min. All blood samples were immediately analyzed for plasma glucose concentration and then frozen for later analysis. Syringes containing infusates in both groups were weighed before and after infusion to quantitate volume actually delivered and each infusate was analyzed for the concentration of leucine, phenylalanine, and tyrosine.
Analytical methods
Plasma enrichments. The plasma enrichments of leucine, phenylalanine, tyrosine and ␣ -ketoisocaproic acid (KIC) were determined by electron impact ionization and selected ion monitoring on a gas chromatograph mass spectrometer (model 5970; Hewlett-Packard Co., Palo Alto, CA). The enrichments of plasma leucine, phenylalanine, and tyrosine were determined by monitoring ions 302 and 303 (leucine), 234 and 239 (phenylalanine), and 466, 468, and 470 (tyrosine) after derivatization to the tertiary butyldimethylsilyl derivatives (9, 15) . The plasma enrichment of KIC was determined after derivatization to the O -trimethylsilylquinoxalinol by monitoring ions 232 and 233 (9, 16) . The final value for all determinations was corrected using an enrichment calibration curve. The mean enrichment values of three samples (EP infants) or four samples (term infants) taken during enrichment plateau in each subject were used for further analysis.
Substrate and hormone concentrations. Plasma glucose concentrations were determined by the glucose oxidase method (Yellow Springs Instruments, Yellow Springs, OH) on all samples obtained; the coefficient of variation was Ͻ 8% in both groups during the basal and parenteral nutrition (PN) periods. The average glucose concentration during each of the two periods is reported. Plasma concentrations of amino acids were determined on a Beckman 6300 Amino Acid Analyzer (Beckman Instruments, Inc., Fullerton, CA). The average of four determinations during the basal state and four determinations during PN is reported for the term infant group. The coefficient of variation was Ͻ 7% during the basal and PN periods for leucine, phenylalanine and tyrosine concentrations. Because only a limited amount of blood was obtained from EP infants, amino acid concentrations were measured on only one sample during each of the two periods. For both groups, plasma insulin concentrations were measured on one sample during each of the two periods by double antibody radioimmunoassay.
Calculations
Plasma enrichments of leucine, phenylalanine, and tyrosine were used to calculate the rates of appearance of these amino acids. In addition, leucine rate of appearance was also calculated based upon the enrichment of KIC, the intracellular transamination product of leucine. This precursor was measured because its plasma enrichment has been shown to closely approximate intracellular leucine enrichment (17).
The total rates of appearance of leucine, phenylalanine, and tyrosine were each calculated by measuring tracer dilution at steady state as modified for stable isotopic tracers (18, 19) :
where Ra is the rate of appearance of the amino acid, EP is the steady state enrichment of the specific isotope, and I is the rate of tracer infusion.
Endogenous Ra of leucine and phenylalanine (reflecting proteol-
were calculated by subtracting the rate of exogenous administration of unlabeled leucine or phenylalanine from their measured total Ra (7, 8) . Endogenous Ra of leucine was calculated using the unlabeled leucine infusion and the total leucine Ra based on both KIC enrichment and leucine enrichment.
Phenylalanine hydroxylation to tyrosine ( Q PT ) was calculated as follows (20) Phe are the isotopic enrichments of the respective tracers in plasma, and I Phe is the infusion rate of tracer phenylalanine ( mol/kg/h). The expression corrects for the contribution of the phenylalanine tracer infusion to Q PT .
Phenylalanine utilization for protein synthesis was calculated by subtracting Q PT from Phe Ra, since phenylalanine is irreversibly lost either by its degradation pathway via its conversion into tyrosine, or by incorporation of protein (20, 21) .
Statistics
All results are reported as the mean Ϯ SEM. Comparisons within groups were made using the paired t test, and between groups using ANOVA.
Results
Glucose, insulin, and amino acid concentrations. Plasma glucose and insulin concentrations are shown in Table II . Glucose concentrations were similar in the EP and term infants in both the basal period and during PN. As expected, glucose concentrations increased significantly from basal values in both groups of infants. Similarly, insulin concentrations also significantly increased during PN in both groups. In the basal period, insulin concentrations were low in both groups, but the small ( ‫ف‬ 2 U/ml) difference in the concentrations was statistically significant. However, there was no difference in the insulin concentrations between EP and term infants during PN.
Plasma amino acid concentrations measured during the studies are shown in Table III . As expected, the plasma concentrations of many amino acids, including all of the essential amino acids, increased during PN in both groups of infants. However, it is worth noting that tyrosine concentrations did not significantly change from basal values in either group; again this was not unexpected in view of the extremely small amount of tyrosine supplied in the amino acid solution used. The concentrations of a number of amino acids were significantly different between the two groups. In general, when different, amino acid concentrations were higher in the EP group, more frequently in the PN period. In particular, tyrosine concentrations were 2.5-fold greater in EP compared with term newborns in both the basal and PN periods.
Isotopic plateau. Isotopic steady state was achieved for [1- cient of variation at plateau for [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] leucine enrichment was 6% or less for both periods in both groups.
Leucine kinetics. The Ra of leucine determined during the studies are shown in Table IV ; leucine Ra is presented based on both the enrichment of plasma leucine and the enrichment of plasma KIC. As expected, leucine Ra increased significantly in both groups during PN regardless of which precursor enrichment was used for calculation.
Endogenous leucine Ra (reflecting proteolysis) in the basal period and in response to PN is shown in Fig. 2 . The results are again presented based on both KIC and leucine enrichment. In EP infants, endogenous leucine Ra did not significantly change from basal values in response to PN using either precursor enrichment (in mol/kg/h: KIC enrichment basal 262Ϯ18, PN 267Ϯ26; LEU enrichment basal 184Ϯ13, PN 202Ϯ17). In contrast, endogenous leucine Ra significantly decreased from basal values in term infants as calculated by either KIC or leucine enrichment (in mol/kg/h: KIC enrichment basal 243Ϯ13, PN 202Ϯ14; LEU enrichment basal 216Ϯ11, PN 187Ϯ16). The degree of suppression of endogenous leucine Ra by PN is shown in Fig. 3 . Regardless of which precursor was used, endogenous leucine Ra was suppressed ‫ف‬ 15% in term infants whereas there was no significant suppression in EP infants during PN.
Phenylalanine and tyrosine kinetics. Phenylalanine Ra is shown in Table IV . Similar to the changes in leucine Ra, there was a significant increase in phenylalanine Ra during PN in both groups. In addition, phenylalanine Ra was significantly greater in EP infants compared with term newborns in both the basal and PN periods.
Endogenous phenylalanine Ra (reflecting proteolysis) is shown in Fig. 4 . During PN, endogenous phenylalanine Ra was significantly suppressed from basal values in both EP (basal 88Ϯ5, PN 77Ϯ5 mol/kg/h) and term infants (basal 75Ϯ3, PN 56Ϯ3 mol/kg/h). However, the degree of suppression was significantly greater in term infants (Fig. 3) ; term infants suppressed endogenous phenylalanine Ra 25% compared with 13% observed in EP infants. The degree of suppression based on phenylalanine kinetics was significantly greater (P Ͻ 0.05) than that based on leucine kinetics (regardless of enrichment precursor) for both EP and term infants. Fig. 5 shows phenylalanine used for protein synthesis in the basal period and in response to PN in both groups. During PN, phenylalanine used for protein synthesis increased significantly in both EP (basal 71Ϯ4; PN 82Ϯ4 mol/kg/h) and term infants (basal 63Ϯ2; PN 71Ϯ2 mol/kg/h). The magnitude of this increase ‫ف(‬ 15%) was similar for both groups. The rate of phenylalanine hydroxylation to tyrosine is illustrated in Fig. 6 . During PN, phenylalanine hydroxylation increased significantly in EP (basal 17Ϯ2; PN 22Ϯ2 mol/kg/h) but not term newborns (basal 12Ϯ1; PN 12Ϯ2 mol/kg/h). In addition, the rate of phenylalanine hydroxylation was significantly higher in EP compared with term infants in both the basal (P Ͻ 0.05) and PN periods (P Ͻ 0.01).
The relationship between phenylalanine Ra and phenylalanine hydroxylation is shown in Fig. 7 (y ϭ 0.337x Ϫ 13.7, r 2 ϭ 0.63, P Ͻ 0.001). This relationship remains significant (P Ͻ 0.01) even if the two groups are considered separately. A similar but weaker relationship was also observed between phenylalanine concentration and phenylalanine hydroxylation (y ϭ 0.08x ϩ 7.6, r 2 ϭ 0.26, P Ͻ 0.01). Tyrosine Ra is shown in Table IV . In response to PN, tyrosine Ra was unchanged in EP infants but was significantly reduced in term infants. Tyrosine Ra was significantly higher in EP compared with term newborns in both the basal and PN periods. In both EP and term infants, phenylalanine hydroxylation made an important contribution to overall tyrosine Ra in the basal state (EP 15Ϯ1%; term 17Ϯ1%); this contribution significantly increased (P Ͻ 0.05) during PN in both groups (EP 21Ϯ1%; term 19Ϯ1%). The relationship between tyrosine Ra and tyrosine concentration is shown in Fig. 8 (y ϭ 2. 84x Ϫ 110, r 2 ϭ 0.70, P Ͻ 0.001); the relationship remains significant (P Ͻ 0.01) if EP and term infants are analyzed separately.
Discussion
In this study, we have evaluated how parenteral nutrition alters protein kinetics and phenylalanine hydroxylation in extremely premature and normal full term newborns. The data demonstrate that proteolysis is suppressed much less by parenteral nutrition in extremely premature compared with term newborns. In contrast, both groups of infants increased protein synthesis by a similar magnitude in response to parenteral nutrition. In addition, both extremely premature and normal term newborns actively hydroxylated phenylalanine to tyrosine. Furthermore, there appears to be no immaturity in this metabolic pathway as evidenced by higher rates of phenylalanine hydroxylation in extremely premature compared with term infants, and the ability of extremely premature infants to increase phenylalanine hydroxylation in response to parenteral nutrition.
Although protein kinetics and its regulation have been the subject of many studies in adults, there is rather limited information available in neonates. The neonates of the present study represent the extremes of viable human development in early postnatal life. We have previously examined these extremes of neonatal immaturity with respect to the ability of intravenous glucose to suppress proteolysis and glucose production (4, 9) . In this regard, extremely premature and normal term newborns are remarkably similar; both groups nearly completely suppress glucose production during intravenous glucose administration at moderate levels of glycemia and low insulin concentrations, and in neither group does intravenous glucose result in the suppression of proteolysis, despite threefold increases in insulin concentration. However, it seems likely that such similarities between these two groups at very different stages of maturity might not persist in response to a more complete nutrient solution. To assess the effect of neonatal immaturity on the response to intravenous nutrition, we attempted to match the conditions under which each of the groups were studied as closely as possible. The basal period was designed to result in similar concentrations of glucose and insulin in both groups. Similar concentrations were in fact achieved, although the small ‫ف(‬ 2 U/ml) difference in insulin concentrations between the two groups in the basal state was statistically significant. We have determined previously that changes in insulin concentration of this magnitude have no significant effect on proteolysis in either extremely premature or term newborns (4, 9) . Thus, the basal period is likely to be comparable in extremely premature and term infants, at least with respect to proteolysis. To gauge the response to nutrition, intravenous substrate was provided to both groups at identical rates and in sufficient quantities to support growth (22, 23) . To minimize the effect of illness, the most clinically stable individuals in both groups were studied, extremely premature infants with minimal or no lung disease and no evidence of infection, and normal healthy full term infants. To control for the effect of age, both extremely premature and term infants were studied at the same postnatal age. Although it is difficult to exclude the influence of all factors other than immaturity, it would seem that immaturity is the predominant factor contributing to any differences between the two groups.
Accurately assessing proteolysis is an inherently difficult issue, and the assumptions and limitations involved in modeling proteolysis have been extensively discussed (24) , including problems which sometimes occur during unlabeled amino acid infusions (25, 26) . Therefore, to provide a more confident estimate of proteolysis, we traced the rates of appearance of two essential amino acids, leucine and phenylalanine. In addition, we also measured the enrichment of KIC, which is likely to reflect the intracellular enrichment of leucine, thereby providing a more accurate assessment of whole body proteolysis (17). The fact that each of these three determinations resulted in the same conclusion, namely that in response to parenteral nutrition, extremely premature infants suppress proteolysis to a lesser degree than term infants, lends credibility to the findings.
One particular issue relevant to all tracer amino acid studies is the potential for isotope recycling. Although some isotope recycling undoubtedly occurred in this study, we believe it did not significantly bias the results for the following reasons. First, in previous studies of both term and extremely premature infants receiving intravenous glucose, a recycling effect was not detected during a 4-5-h isotope infusion, as reflected by no significant change in enrichment over this period (4, 9) . Second, in this study, the magnitude of isotope recycling is likely to be minimized by the exogenous infusion of amino acids ‫ف(‬ 30% of flux) during the parenteral nutrition period; this is supported by the study of Melville et al. in which isotope recycling was unable to be detected during the fed state (27) . Based on these considerations, it seems unlikely that the changes in proteolysis observed in response to parenteral nutrition were substantially influenced by isotope recycling.
We must note that although the leucine and phenylalanine tracers produced consistent qualitative results, the degrees of suppression of proteolysis based on these two tracers were different. In both extremely premature and term newborns, the suppression of proteolysis based on phenylalanine was greater than that based on leucine, using either leucine or KIC enrichments to calculate leucine rate of appearance. Indeed, using either model of leucine kinetics, extremely premature infants exhibited no significant suppression of proteolysis in response to parenteral nutrition. This discrepancy between leucine and phenylalanine tracers is not unique to studies of newborns; these two tracers have produced differing degrees of suppression of proteolysis in adult studies evaluating the effects of enteral feeding and high-dose insulin infusions in normal subjects (8, 28, 29) , and moderate dose insulin infusions in patients with cirrhosis (30) . Interestingly, however, in all of these adult studies the leucine tracer yielded a higher degree of suppression than the phenylalanine tracer (8, (28) (29) (30) , opposite of what was observed in newborns. The reasons for phenylalanine and leucine kinetics yielding differing magnitudes of suppression are not clear in either adults or newborns; one possibility is that proteolysis is affected differently in proteins of differing leucine and phenylalanine content. However, the basic conclusions of the present study regarding the relative differences between extremely premature and term infants are unlikely to be altered by the precise resolution of this issue.
The findings of this study are consistent with the concept that extremely premature infants are resistant to the suppression of whole body proteolysis. While the precise reasons for this resistance are not clear, a number of possibilities exist. First, differences in body composition between extremely premature and term infants may play a role. Although the relative contribution of most organs to body weight is rather similar in extremely premature and term newborns, the protein composition of specific tissues is different (31), possibly with different sensitivities to the antiproteolytic effects of intravenous nutrition. Alternatively, extremely premature infants may be much more sensitive to small imbalances in the intravenous nutrition solutions. For example, neither cysteine nor tyrosine is present in significant amounts in the amino acid solution used in this study; a more balanced mixture of amino acids may be required to effectively reduce proteolysis in extremely premature infants. Finally, it is possible that high rates of proteolysis are a fundamental characteristic of immature individuals, providing a continuous source of amino acids for remodeling and growth (1, 2, 4) . In this case, all antiproteolytic mediators may be relatively ineffective in suppressing proteolysis in extremely immature newborns. Clearly, at this point, these issues remain to be resolved.
Although changes in proteolysis in response to parenteral nutrition in extremely premature and term newborns were different, the changes in protein synthesis were not. Protein synthesis increased significantly and by the same magnitude during parenteral nutrition in both groups. However, it must be noted that this estimate of protein synthesis is based solely on phenylalanine kinetics, unlike the multiple determinations used to assess proteolysis. Keeping this qualification in mind, the data are consistent with the notion that the ability to increase whole body protein synthesis in response to intravenous nutrition is relatively independent of the stage of development. Further support of this concept is provided by two previous studies in premature infants; these studies have also suggested that intravenous nutrition may result in increased protein synthesis as reflected by leucine kinetics (32, 33) .
The capacity of premature infants to adequately convert phenylalanine to tyrosine via phenylalanine hydroxylase has long been questioned. Based on the classic amino acid elimination studies of Snyderman (34) tyrosine has been widely considered an essential amino acid in preterm infants (10) (11) (12) . However, in studies carried out in human fetal liver, the activity of phenylalanine hydroxylase approached that of adults (13, 14) . The results of the present study are consistent with the observations in fetal liver. Both extremely premature and normal newborns actively hydroxylate phenylalanine to tyrosine in the basal state. In fact, on a per kilogram basis, the basal rate of phenylalanine hydroxylation in normal newborns is approximately twice that of adults (20) , and the basal rate of phenylalanine hydroxylation in extremely premature infants is 50% higher than in normal newborns. Thus, a significant portion of phenylalanine which appears in the circulation in the basal period is converted to tyrosine in both extremely premature and term newborns. Furthermore, in response to parenteral nutrition and phenylalanine administration, extremely premature infants actually increase the rate of conversion of phenylalanine to tyrosine. These data clearly demonstrate no developmental immaturity with respect to phenylalanine hydroxylation. Moreover, it is apparent that premature infants have the capacity to supply at least some of their endogenous tyrosine needs by metabolizing phenylalanine; thus in the strictest sense, tyrosine is not an essential amino acid in prematurity. However, it is not clear from our investigation or any other available data whether sufficient tyrosine is produced from phenylalanine in order to support optimal rates of protein accretion. It is interesting to point out that although extremely premature infants significantly increased phenylalanine hydroxylation in response to parenteral nutrition and to phenylalanine delivery, normal newborns did not. The direct relationship between plasma phenylalanine rate of appearance and phenylalanine hydroxylation may provide a possible explanation for this apparent paradox (Fig. 7) . This relationship suggests that the overall availability of phenylalanine may be an important factor in the hydroxylation rate (35, 36) . In normal newborns who respond to parenteral nutrition with a large reduction in endogenous phenylalanine release, overall phenylalanine availability during parenteral nutrition is only slightly increased. On the other hand, extremely premature infants reduce endogenous phenylalanine release much less during parenteral nutrition, and therefore overall phenylalanine availability is substantially higher during intravenous nutrition.
To determine phenylalanine hydroxylation, we have also measured tyrosine rate of appearance; these data may provide some insight into a frequent abnormality of tyrosine metabolism in premature infants. Transient neonatal hypertyrosinemia is regarded as the most common abnormality of amino acid metabolism in humans (37) , and can occur even independent of exogenous tyrosine intake. Indeed, even though significant amounts of tyrosine were not provided, the extremely premature infants in the present study had tyrosine concentrations two-to sixfold higher than normal infants during both the basal and parenteral nutrition periods. These high plasma tyrosine concentrations have been thought to be due to an immaturity in the enzyme responsible for tyrosine oxidation (37) . Although this defect in tyrosine catabolism may play a role, the results of the present study would suggest that the tyrosine inflow into plasma may also be a significant factor. High concentrations of tyrosine observed in the extremely premature infants were accompanied by high tyrosine rates of appearance; in fact, there was a highly significant positive relationship between tyrosine concentration and tyrosine rate of appearance (Fig. 8) . In view of these data, it is likely that transient neonatal tyrosinemia is not a simple defect in catabolism, although measurements of tyrosine oxidation in extremely premature infants will be required to precisely define the relative roles of tyrosine inflow and catabolism in this condition.
In summary, this study demonstrates that both extremely premature and term infants are capable of actively converting phenylalanine to tyrosine, and this conversion rate increases in response to parenteral nutrition in extremely premature newborns. This is clear evidence that there is no immaturity in the phenylalanine hydroxylation pathway. Both extremely premature and term infants respond to parenteral nutrition with similar significant increases in protein synthesis. In contrast, proteolysis is reduced to a far smaller degree by parenteral nutrition in extremely premature newborns. The factors responsible for this apparent resistance to the suppression of proteolysis in the very immature remain to be elucidated.
